specific IgG concentrations of the 12 pneumococcal serotypes shared by both vaccines 5 years after vaccination with two doses of PCV13 8 weeks apart (group 1) or one dose of PPV23 (group 2) and compared them with those assessed prior to vaccination (BL) and after 1 year (T1). Comparison of immunogenicity was based on geometric mean concentration (GMC), proportion of individuals with C twofold increase from BL in specific antibody concentration against C 2 serotypes and percentage of individuals with serotype-specific IgG C 0.35 lg/ml, C 1 lg/ml and C individual serotype-specific correlates of protection. Results: We included 91 subjects (median CD4
? 650 cells/ll, [ 90% with HIV-RNA \ 50 copies/ml); patients in groups 1 (n = 42) and 2 (n = 49) were homogeneous for the main characteristics. GMCs were significantly higher in the PCV13 group than in the PPV23 group for serotype 19F (p = 0.003). Both vaccines revealed higher significant GMCs to most serotypes compared with BL, i.e., eight in group 1 vs. seven in group 2. With respect to T1, GMCs decreased significantly in the PCV13 group for eight vs. ten serotypes in the PPV23 group. More participants in the PCV13 group had C 2 increase from BL in antibody levels to C 2 serotypes compared with the PPV23 group (78.6% vs. 59.2%, p = 0.042). Overall, the percentage of subjects with serotype-specific IgG C 0.35 lg/ ml, C 1 lg/ml and C individual serotype-
INTRODUCTION
Despite the improved quality of life achieved by HIV-infected patients mainly due to current antiretroviral therapy efficacy and tolerability, HIV-infected people are at higher risk for Streptococcus pneumoniae infections than age-matched HIV-uninfected adults [1] ; this risk may be due to HIV-related accelerated senescence of the immune repertoire, loss of memory cells and the relative dysregulation of the immune system [2, 3] . Thus, pneumococcal vaccination is mandatory for HIV-infected adults, but the optimal time schedule still needs to be clarified. Two vaccine formulations are currently available: 23-valent pneumococcal polysaccharide vaccine (PPV23) and 13-valent pneumococcal conjugate vaccine (PCV13), which replaced the previous 7-valent pneumococcal conjugate vaccine (PCV7). The magnitude and duration of responses to the pneumococcal polysaccharide vaccine may be limited by its nature, and data on its effectiveness in preventing pneumococcal disease are inconsistent. By contrast, the conjugated vaccine, which elicits a T cell-dependent response and memory B and T cells, has been shown to be effective against vaccine-type invasive pneumococcal disease in a randomized controlled trial of HIV-infected adults [4] .
Therefore, current guidelines recommend that PCV13 be given as the initial vaccination for HIV-positive adults and that PPV23 be administered subsequently to broaden serotype coverage [5] . However, a benefit of PCV vs. PPV in terms of immunogenicity among HIV-positive adults has not been fully established [6] [7] [8] .
Furthermore, there is a lack of data on the long-term immunogenicity of PCVs compared with PPV in this population. The characteristic of PCVs to elicit immunologic memory could hypothetically be an advantage in the long term, but this still has to be demonstrated in HIV-infected subjects.
Previous data showed that in HIV-positive adults who were receiving antiretroviral therapy, response to the pneumococcal polysaccharide vaccine decreased for most of the serotypes after 5 years [9] . In a similar setting, a different study showed that one or two doses of PCV7 ensured a durable serologic response throughout the 5 years of follow-up, but PPV23 was not used as a comparator vaccine in this study [10] . Overall, there is scanty evidence of persistent serologic response to immunization with PCV.
Thus, further investigations are mandatory, and the long-term comparative immunogenicity of protein-conjugated and free polysaccharide vaccines in HIV-positive adults needs to be addressed.
In a 1-year follow-up report, we previously showed that vaccination with the 13-valent pneumococcal conjugate vaccine or with the 23-valent pneumococcal polysaccharide vaccine elicited comparable immunogenicity in a cohort of HIV-positive adults with a favorable viro-immunologic profile [11] .
Here we aimed to compare the long-term (5-year) serologic response in those subjects previously immunized with PCV13 or PPV23.
METHODS
In a pilot prospective study, we included pneumococcal vaccine-naïve HIV-infected outpatients who were matched for age (18--65 years) and CD4
? cell count (C 200 cells/ll); they received two doses of PCV13 8 weeks apart (group 1) or one dose of PPV23 (group 2). As described in the previous report, patients were enrolled in two parallel Infectious Diseases Clinical Centers in Central Italy (University Division of Infectious Diseases in Siena and Institute of Clinical Infectious Diseases, Catholic University of the Sacred Heart in Rome) [11] .
All procedures performed in the study were in accordance with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards. The present study was approved by the local Institutional Ethics Committees, Comitato Etico Fondazione Policlinico Universitario ''Agostino Gemelli''-Università Cattolica del Sacro Cuore and Comitato Etico Regione Toscana-Area vasta Sud Est, AOU Senese (protocol no. 13379/16 and protocol code PCV13HIV-BOOST-2014). Written informed consent was obtained from each participant.
Serotype-specific IgG concentration for the 12 pneumococcal serotypes shared by both vaccines was quantified by ELISA 5 years (T5) after the vaccination, as previously reported [12] . The antibody concentrations were logtransformed to approximate normal distributions and parametric methods were applied in the analysis. Results of IgG antibody levels were expressed as geometric mean concentrations (GMCs). The GMCs were obtained by taking the antilogarithm of the means of the log-transformed values. Corresponding two-sided 95% confidence intervals (CIs) for the GMCs were constructed by back-transforming the 95% CI for the mean of logarithmically transformed assay results computed using Student's t distribution.
The primary end point of this report was to compare the long-term serologic response at T5 by assessing the specific IgG levels for the 12 serotypes between the two groups, using a linear regression adjusted for age, gender and CD4 cell count. The comparison of IgG levels for each serotype at T5 with respect to those assessed prior to vaccination (BL) and after 1 year (T1) intra-groups was performed by applying a generalized linear model (GLMM) by specifying correlation between repeated measures within subjects and adjusting using the Bonferroni method in the pairwise comparisons of time points. The GLMM was also adjusted for gender, age and CD4, which was considered a timevarying variable.
As the secondary end point, we compared the immunogenicity of the two vaccines by measuring the proportion of individuals with a twofold or greater increase from BL in specific IgG against two or more serotypes at 5 years. We also analyzed durable antibody response in both groups in terms of seroprotection rate at T5, defined as the proportion of responders for each serotype with an IgG level C 0.35 lg/ml (accepted by the WHO for assessment of vaccine efficacy against IPD) [13] and C 1 lg/ml (potentially more relevant for long-term protection and previously used in studies with HIV-infected children) [14] and by using the novel individual serotype-specific correlate of protection (established for all serotypes, except for serotype 5) [15] . The proportion of participants who achieved seroprotection to the majority of serogroups (C 9) based on the three cutoffs was also evaluated.
In the statistical analyses, the resulting p values were corrected for multiple testing by controlling the false discovery rate (FDR) to B 0.05 through the Benjamini-Hochberg method. Analyses were performed using the SPSS software package (version 22.0, Chicago, IL, USA).
RESULTS
We analyzed 91 subjects (out of the 100 patients analyzed in the previous report) [11] : 72.5% males; median age 50 years (IQR 45-56); median CD4
? 650 cells/ll (IQR 506-881). All patients were on antiretroviral therapy, [ 90% with HIV-RNA \ 50 copies/ml; patients in groups 1 (n = 42) and 2 (n = 49) were homogeneous for the main characteristics and were comparable to the entire original study population [11] (Table 1) .
Pre-vaccination serotype-specific IgG levels were comparable between the two groups, in agreement with the original cohort (all ps n.s.) [11] . The long-term serologic response was markedly higher for serotype 19F in the group immunized with PCV13 compared with the PPV23 group; the specific IgG GMCs for all other pneumococcal antigens did not differ between groups (Table 2) .
Comparing BL and T5, responses to serotypes 6B, 19F and 23F were markedly higher in group 1, whereas two antigens, i.e., 1 and 4, elicited higher responses in group 2. The IgG titers for serotypes 5, 7F, 9V, 14 and 18C were significantly higher in patients immunized with both vaccines; antigens 3 and 19A did not show any variation (Table 3a, b) .
With respect to T1, at T5 IgG titers for 4, 5, 6B, 9V, 14 and 18C showed a statistically significant reduction in both groups; regarding antigens 19A and 23F, the decay was greater in group 2 than group 1. IgG titers 7F and 19F diminished only in group 2, whereas serotypes 1 and 3 were stable in both groups (Table 3a, b) . Analyzing the main effect of vaccine over time, 19F was statistically significantly higher in PCV13 than in PPV23, although this effect appeared to be less marked when considering the contrast for interaction time-vaccine (Supplementary Table 1 ).
When considering the seroconversion rate, defined as a C twofold rise from baseline antibody levels at T5, a higher proportion of responders to the 6B serotype were observed in the PCV13 group than in the PPV23 group, although it was not significant after adjusting 
DISCUSSION
The aim of this report was to compare the longterm response according to IgG levels in a study population that included HIV-positive adults who had received either one dose of PPV23 or two doses of PCV13 5 years earlier.
Previously we reported that in the same cohort of patients with a favorable viro-immunologic profile, PCV13 and PPV23 showed comparable immune-specific IgG responses to the 12 shared pneumococcal antigens at a 1-year follow-up [11] .
In this report, which compared the IgG levels of the two groups 5 years after vaccination, one antigen, i.e., 19F, was significantly higher in the PCV13 group. When T5 was compared with BL, more antigens displayed higher GMCs levels in the PCV13 than in the PPV23 group, i.e., 8 versus 7, respectively. With respect to 1 year, GMCs decreased significantly at T5 in the PCV13 group for eight serotypes versus ten serotypes in the PPV23 group. In terms of subjects with a twofold or greater increase in specific IgG against two or more serotypes, the PCV13 group showed a greater proportion of responders. Although the differences in long-term immunogenicity between PCV13 and PPV23 were not drastically relevant, these combined results suggest that in the long-term the development of memory cells via a T-cell-dependent response elicited by PCV13 could be an advantage in terms of antibody persistence compared with PPV23 in HIV-positive adults. This higher level of antibody persistence is a novel finding in this population. In a previous analysis, Cheng et al. [10] documented a durable antibody response in HIV-positive adults 5 years after vaccination with PCV7; however, in that study a group of subjects receiving PPV was lacking for comparison.
Overall, both vaccines seem to have achieved a durable serologic response 5 years after immunization. Indeed, PCV13 and PPV23 revealed (1) significantly higher GMCs than BL to most serotypes, (2) a C twofold increase in antibody levels to C two serotypes in 79% and 59% of patients, respectively, and (3) the achievement of seroprotection (based on the defined thresholds) to the majority of the 12 serogroups in a large percentage of participants.
Regarding the response to PPV23, our findings appear to be in contrast to previous reports, which showed that the immunogenicity and durability of 23-valent PPV are poor in HIV-infected patients [9, 16, 17] ; this probably suggests the effect of the different definitions of serologic response, number of serotypes examined and study population with a longer follow-up on antiretroviral therapy or different viro-immunologic statuses. Of note, our population mainly consisted of virologically suppressed HIV-infected patients who had good immunologic recovery; this is important because the 
CD4
? cell count has been shown to be a favorable predictor of the response rate for patients who have received a PPV23 vaccination [9, 18, 19] .
Consistent with previous data that showed a lower immunogenicity of this serotype, antigen 3 did not elicit a significant long-term immunologic response in either group [20] . In our study, the two-dose schedule for PCV13 was designed when there was no defined standard regimen recommended for use of PCV 13 in HIV-positive adults (year 2011), and the need for a boosted dose was assumed based on previous data obtained in children [21] . Currently, even if the guidelines recommend one dose of PCV13 and there are no general recommendations for booster doses, some national guidelines consider that one dose of PPV23 should be administered at least 2 months after PCV13 [5] . However, there is still no definite consensus. Our scheduled PCV13 booster could represent a limit in interpreting our results in actual clinical practice, even though we previously reported no significant increase in IgG GMCs after the second dose of PCV13 compared with after the first dose [11] , in line with other studies [22, 23] . Sequential vaccination with PCV13 followed by PPV23 to boost the antibody secretion of common serotypes and additional data regarding long-term immunization effects of the serotypes unique to PCV13 should be carried out in ongoing/future studies, which could be compared with our results. Our study has several limitations due to the relatively small sample size and the absence of an a priori design as a randomized trial. However, at the T5 time point, the two groups were comparable for demographic, clinical and viro-immunologic parameters, as consistently reported at the time of vaccination; moreover, at that time serotypespecific IgG concentrations were similar between groups. In addition, we performed analyses adjusting for potential confounders that could affect the comparison of long-term effects of the two vaccines. Another limitation is that, because of the small sample size, we were unable to compare clinical outcomes of infections according to vaccine group.
The main strength of the study is the assessment of all 12 serotypes shared by both PCV13 and PPV23. However, further investigations are needed in HIV-infected adults with different viro-immunologic profiles.
CONCLUSION
Finally, to the best of our knowledge, this study is the first direct comparison of long-term serologic response of the conjugated vs. polysaccharide vaccine in HIV-positive adults.
In our study overall both vaccines were shown to achieve a long-term durable serologic response. Nevertheless, we found minor differences in immunogenicity between the two vaccines, which favored PCV13 over PPV23 5 years after immunization as PCV13 elicited significantly higher GMC levels than the 19F serotype, higher GMCs for a greater number of antigens when compared with baseline values, a significant decrease in GMCs for fewer antigens with respect to T1 levels and a higher proportion of patients who had a C twofold increase in antibody titers from baseline to two or more serotypes.
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